A series of Cp*Rh-and Cp*Ir-based molecular Borromean rings (BRs) have been prepared by dihalogenated ligands. The strength of the interaction among the rings for different BRs is not the same and can be adjusted by changes in the halogen atoms on the precursor. Jin and colleagues took advantage of this dissimilarity in the interactions to realize selective reversible conversion between BRs and a monomeric rectangle by the use of different p-dihalobenzenes. Subsequently, a stepwise separation method for p-dichlorobenzene, p-dibromobenzene, and p-diiodobenzene at ambient temperature was developed. 0 -bipyridylacetylene. The halogen atoms play a crucial role in forming BRs. The strength of the interaction among the rings for different BRs is not the same and can be adjusted by changes in the halogen atoms on the precursor. We took advantage of this dissimilarity in the interactions to realize selective reversible conversion between BRs and a monomeric rectangle by the use of different p-dihalobenzenes. Subsequently, a stepwise separation method for p-dichlorobenzene, p-dibromobenzene, and p-diiodobenzene at ambient temperature was developed. The BRs used in the separation are recoverable and recyclable.
INTRODUCTION
Interlocked molecular species have received considerable attention recently, not only because of their intriguing structures and topological importance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] but also because of their potential applications as smart materials, nanoscale devices, and molecular machines. [13] [14] [15] One fascinating and challenging synthetic target in this field is the family of molecular Borromean rings (BRs), which consist of three chemically independent rings that are locked in such a way that no two of the three rings are linked with each other. [16] [17] [18] Two main ''all-in-one'' synthetic strategies for BRs have been explored: one based on metal ion templates, first reported by Chichak et al. 19 in 2004, and the other based on free-template coordination self-assembly. 20, 21 Our group presented a free-template self-assembly method for synthesizing BRs based on Cp*Rh (Cp* = pentamethylcyclopentadienyl) in 2013. 22, 23 Recently, Chi's group reported two further types of (cymene)Ru-and Cp*Ir-based BRs, which were also prepared by coordination self-assembly. 24, 25 Even now, for the latter synthetic strategy, a number of deeper problems have still not been extensively and thoroughly discussed. For example, do the inter-ring interactions for different BRs have the same strength? How can the interactions between the rings in BRs be adjusted? More importantly, in what applications can BRs be used?
Halo-aromatic compounds have played a very important role in various organic reactions, especially in the cross-coupling reaction; moreover, the cross-coupling reaction has greatly promoted the development of the pharmaceutical industry and conjugated organic materials. 26 Hence, the separation and purification of halo-aromatic compounds is an active area of research. 27, 28 A lot of research in this field has focused on the separation of constitutional isomers, i.e., molecules with different spatial arrangement but the same chemical formula. [29] [30] [31] [32] [33] [34] According to the different molecular radii of the isomers, porous materials with various pore sizes and shapes
The Bigger Picture have been applied extensively to the separation of halogenated isomeric mixtures. [35] [36] [37] [38] [39] Recently, our group also reported the facile separation of regioisomeric compounds (such as para-disubstituted benzene derivatives) by molecular cages based on the Cp*Rh unit. 40 However, because of their (usually) similar molecular radii and properties, it is still a challenge to separate mixtures of molecules with different halogen atoms but the same spatial arrangement of atoms (such as para-dihalobenzene), especially under ambient temperatures and at low cost. Moreover, what is desired by chemists is not merely to separate one particular molecule from a lot of others but to separate several molecules one by one in order. One promising way to efficiently separate such mixtures in a stepwise manner is by using highperformance liquid chromatography with columns packed with porous materials, for example. the pioneering work from the Stoddart group wherein CD-MOF (cyclodextrin-metal organic framework) columns were used to realize the separation of various mono-and disubstituted halo-aromatic compounds in sequence. 41 Even so, the separation rate and efficiency is still unsatisfactory because of the intrinsic limitations of chromatography.
Here, we report a series of Cp*Rh-and Cp*Ir-based BRs prepared by dihalogenated ligands (fluoranilic acid, chloranilic acid, and bromoanilic acid) and 4,4 0 -bipyridylacetylene. The halogen atoms play a crucial role in forming BRs. Moreover, the strength of the interactions between the rings is not the same for different BRs and can be adjusted with the use of different halogen atoms in the precursors. We took advantage of these special properties to realize selective, reversible conversion between BRs and a monomeric rectangle (MR) by using different p-dihalobenzenes. On this basis, a stepwise separation method for p-dichlorobenzene, p-dibromobenzene, and p-diiodobenzene at ambient temperature is presented. This method could also be used for the separation of p-dibromobenzene and ortho-dibromobenzene. Furthermore, the BRs used in the separation are recoverable and recyclable.
RESULTS
Our research group has a longstanding interest in the self-assembly of two preorganized binuclear half-sandwich metal (Rh or Ir) molecular clips and pyridyl ligands, which led us to attempt similar reactions with long, linear bipyridyl ligands. 19, 42 Thereby, a solution of dirhodium precursor 1a based on L 1 (L 1 = 2,5-dihydroxy-1,4-benzoquinone; 1.0 equiv; Scheme 1) reacts with L 2 (L 2 = 4,4 0 -bipyridylacetylene; 1.0 equiv), leading to exclusive formation of a tetranuclear metallarectangle 5a, as confirmed by nuclear magnetic resonance (NMR; Figures S1-S4 ), electrospray ionization mass spectrometry (ESI-MS; Figure S5 ), elemental analysis, infrared spectroscopy, and single-crystal X-ray crystallography. The 1 H NMR spectra of 5a displayed a singlet at d 5.56 for the aromatic protons of benzoquinone, and the pyridyl protons were observed at d 8.39 and 7.65 ppm ( Figure S1 ). Diffusion-ordered spectroscopy (DOSY) ( Figure S4) showed that the signals for the aromatic and Cp* units displayed similar diffusion constants, which further confirmed the purity of 5a in methanol. Darkred block crystals of 5a were isolated in 95.6% yield upon recrystallization by diffusion of diethyl ether into a methanol solution of 5a. Single-crystal X-ray crystallographic analysis established the structure of 5a to be a discrete MR structure ( Figure 1A ).
Similar to L 1 , chloranilic acid is often used as a bridging ligand to construct the dirhodium precursor. 43, 44 The two proligands chloranilic acid and L 1 differ only in the their aromatic substituent, i.e., Cl and H, respectively. We first attempted to use diiridium precursor 2a (based on chloranilic acid) and L 2 to build the metallarectangles. Figure S1 ). This demonstrates that complex 5a and 6a have similar structures. As the reaction concentration increased to 1.0 mM, new peaks were observed in the 1 H NMR spectrum, along with peaks from 6a, and these indicated the formation of a new compound (6a-BRs; Figure S7 ). By increasing the concentration of reactant (from 0.5 to 6.0 mM), the proportion of 6a-BRs in the methanol solution also increased ( Figure S8 ). The 13 C NMR ( Figure S9 ), DOSY NMR, and 1 H-1 H ROESY spectra confirmed this finding. At a concentration of 0.5 mM, the DOSY NMR spectrum revealed one diffusion coefficient (D) at 3.7 3 10 À10 m 2 s À1 ( Figure S10 ). However, at 6.0 mM, two diffusion coefficients were observed: D = 3.5 3 10 À10 m 2 s À1 for 6a and 2.3 3 10 À10 m 2 s À1 for 6a-BRs (Fig- ure S11). The 1 H-1 H ROESY spectra of 6a (0.5 mM; Figure S12 ) and 6a + 6a-BRs (6.0 mM; Figure S13 ) showed all possible coupling interactions.
Gratifyingly, we were able to grow single crystals of 6a-BRs. Dark-green block crystals of 6a-BRs were isolated in 92.1% yield upon crystallization by diffusion of diethyl ether into a methanol solution of the compound. The single-crystal X-ray crystallographic analysis established the structure of 6a-BRs to be a discrete BRs structure ( Figures 1C and S14A ). In this structure, every p-dichlorobenzene segment from chloranilic acid was found to be stacked with the alkynyl group of a nearby pyridyl ligand. The distance from each chlorine atom to the corresponding alkynyl group is ca. 3.5 Å , which is in accordance with the conventional distance of p-p interactions. 45 The prominent peaks in the ESI-MS spectrum at m/z = 2,222. S16 ). Meantime, according to density functional theory (DFT) binding energy calculations, the formation energy of the BRs structure (6a-BRs) from three monomers (6a) was evaluated to be À86.5 kcal/mol (Table S3 and Figure S70 ), further confirming the BR structure. Moreover, these results also demonstrate that the chlorine atoms play a crucial role in forming the BRs.
A similar situation was observed in the Cp*Ir-based metallarectangles under the same reaction conditions. Tetranuclear metallarectangle 5b was prepared by
Scheme 1. Synthesis of Metallarectangles and Interconversion between BRs and MR
diiridium precursor 1b and L 2 (Scheme 1), which was confirmed by NMR ( Figure S17 ), elemental analysis, infrared spectroscopy, and single-crystal X-ray crystallography ( Figure 1B ). The structure of 5b is also a discrete MR, very similar to that of 5a. When the aromatic H atom of precursor 1b was changed to Cl (precursor 2b), the new metallarectangles interlocked together to become discrete BRs, according to the molecular structures derived from single-crystal X-ray crystallography (Figures 1D and S14B). Similarly to 6a and 6a-BRs, at low concentration (0.5 mM in methanol), only 6b was observed ( Figure S18 ), but at high concentration (6.0 mM in methanol), 6b-BRs were formed ( Figure S19 ). This finding further underlines the importance of the chlorine atoms in forming BRs. However, given that the stability of Ir-N bonds is lower than that of Rh-N bonds, further research focused on Rh-based BRs.
For further exploration of the effect of halogen atoms in forming BRs, chloranilic acid was replaced with fluoranilic acid or bromanilic acid under identical reaction conditions, resulting in the formation of new dirhodium precursor 3 (based on fluoranilic acid) and 4 (based on bromanilic acid). The precursors 3 and 4 reacted, in turn, with L 2 to construct 7 and 8, respectively, at low concentrations ( Figures S20 and S21) . Accordingly, 7-BRs and 8-BRs were formed at high concentrations ( Figures S22 and S23 ). Single-crystal X-ray crystallographic analysis confirmed the BR structure of 7-BRs and 8-BRs ( Figures  S24 andS25) , which are very similar to 6a-BRs and 6b-BRs. The BRs structure of 7-BRs could be clearly observed by single-crystal X-ray crystallographic analysis ( Figure S24 ). However, because of their poor solubility, we were unable to obtain single crystals of 7-BRs of suitable quality in order to discuss the structural parameters in detail. But the formation of the BRs structure was further confirmed by DFT binding energy calculations; the formation energy of the BRs structure (7-BRs) from three monomers (7) was evaluated to be À89.4 kcal/mol (Table S3 and Figure S69 ). Although 6a-BRs, 7-BRs, and 8-BRs all display BR structures, there remain some differences between them. Firstly, the chemical shifts of the NMR signals for the b-pyridyl protons are different (7.45 ppm for 7-BRs, 7.54 ppm for 6a-BRs, and 7.59 ppm for 8-BRs; Figure 2 ). This can be ascribed to the different electric charge density of different halogen atoms. Secondly, the concentration needed to form the BRs varies significantly. Only in supersaturated solutions (12 mM) could the signals corresponding to 7-BRs (based on fluoranilic acid) be observed in the 1 S32 ). However, the signals could still not be detected by 13 C NMR spectroscopy, despite being in a supersaturated solution (12 mM; Figure S33 ). Thus, a signal corresponding to 7-BRs was not observed in ESI-MS. In contrast, the signals for 8-BRs (based on bromanilic acid) could be observed at most concentrations (Figure S34 ), which was confirmed by 13 Figures S40 and S41 ). This contrast can also be readily observed in the 1 H NMR spectra of the three BRs at the same concentration (6.0 mM). As shown in Figure 2 , there is hardly any signal for 7-BRs in the 6.0 mM methanol solution, whereas the signal of 6a-BRs can be clearly detected at the same concentration, and the concentration of 6a-BRs is similar to that of the corresponding MR 6a. However, for 8-BRs, not only is the signal of BRs observed easily, but also the content of 8-BRs is clearly higher than corresponding MR 8. These results can be attributed to the different strengths of the inter-ring interactions in the three BRs. Thirdly, the CD 3 OD:D 2 O ratio required for generating a high yield of the BRs assembly is different. In a published study, D 2 O added to a CD 3 OD solution induced improved yield of BRs. 24 We used a similar method to improve the yield of BRs. D 2 O was added to 2.0 mM CD 3 OD solutions (8 + 8-BRs, 6a + 6a-BRs, and 7 + 7-BRs), the Figure S42 ) and 6a + 6a-BRs ( Figure S43) showed Figure S71 ). This underlines that the inter-ring interaction in BRs could be adjusted by a halogen atom on the precursor. Meantime, the hydrogen-bond interaction between an F atom and a solution molecule could also affect the inter-ring interaction in BRs. And, during the DFT calculations, the molecule was assumed to be in a vacuum. Hence, 7-BRs displayed a weaker inter-ring interaction than 6a-BRs and 8-BRs in NMR experiments.
Work from our group and that of others have shown that appropriate guest molecules can hinder the formation of BRs and induce the transformation of BRs to the corresponding MR. 21, 24 As shown above, the p-dihalobenzene segment of the quinone precursor plays a crucial role in forming BRs; moreover, the strength of the inter-ring interactions in the three BRs could be adjusted by alterations in the halogen atom of the precursor. This prompted us to use various p-dihalobenzenes to realize the transformation of BRs to MR. p-Dichlorobenzene, p-dibromobenzene, and p-diiodobenzene (3.0 equiv) were added separately to previously prepared 2.0 mM solutions of 6a + 6a-BRs and 8 + 8-BRs in CD 3 OD. The resulting reaction mixtures were further stirred for 6 hr at room temperature. The NMR data clearly show that p-dibromobenzene and p-diiodobenzene induce the transformation of 6a-BRs to 6a, and p-dichlorobenzene does not ( Figure S44 ). In contrast, only p-diiodobenzene can force transformation of 8-BRs to its corresponding MR, and p-dichlorobenzene and p-dibromobenzene do not ( Figure S45 ). The reason for this transformation could be that the p-dihalobenzene binds inside the MR, hindering the formation of BRs, as reported in another study. 21, 24 This observation is confirmed by the shifted NMR spectroscopic signals of p-dibromobenzene and p-diiodobenzene after mixing with 6a + 6a-BRs or 8 + 8-BRs, relative to free p-dibromobenzene and p-diiodobenzene ( Figures S46-S48) . Moreover, the diffusion coefficient (D) of p-dibromobenzene and p-diiodobenzene after mixing with 6a + 6a-BRs or 8 + 8-BRs is obviously different with free p-dibromobenzene and p-diiodobenzene ( Figures S49-S53 ) and is similar to that of p-dibromobenzene and p-diiodobenzene mixing with 6a or 8 ( Figures S54-S56 ). The results of DOSY NMR spectroscopy also support this inference. In order to more clearly observe this selective transformation, a similar reaction was performed in a mixed solution of H 2 O and CH 3 OH (CH 3 OH:H 2 O = 10:10), because in these solutions, only 6a-BRs or 8-BRs is found. 1 H NMR spectroscopic data further confirm this selective transformation ( Figures S57 and S58 ). However, a new phenomenon was observed: only the solution of 8-BRs added by p-diiodobenzene was clear; the other solutions of 8-BRs were cloudy ( Figure S59A) . Meanwhile, the solutions of 6a-BRs with p-diiodobenzene and p-dibromobenzene were clear, and the solution of 6a-BRs with p-dichlorobenzene was cloudy ( Figure S59B ). This could be a result of the low solubility of p-dihalobenzene in water and the effect of the host in improving the solubility of a guest molecule. 46 The same experiment was performed with 5a, but this did not show selectivity for different p-dihalobenzenes ( Figure S60 ). These results are summarized in Figure 3 and further prove that the inter-ring interaction in BRs is related to halogen atom on the precursor.
Unfortunately, attempts to prepare the single crystals of 8 with p-diiodobenzene and 6a with p-diiodobenzene or p-dibromobenzene by diffusion of diethyl ether into methanol were unsuccessful. However, it was found that 8 and 6a transform back to 8-BRs and 6a-BRs after crystallization, as observed from their same cell parameters, which was further confirmed by 1 H NMR spectroscopy ( Figures S61 and S62 ).
p-Diiodobenzene and p-dibromobenzene have good solubility in diethyl ether, and they could be redissolved in the mother liquid during crystallization. Moreover, there is a balance between the MR and BRs in solution. If the interaction between MR is stronger than the interaction between the MR and the guest, the MR would again interlock together and re-form the BRs. In fact, a similar situation also occurred on the transformation from BRs to MR realized with pyrene as guest. 24 However, in this work, the MR were shown to transform back to BRs after removing p-dihalobenzene.
On this basis, we took advantage of this selective and reversible interconversion to design a stepwise separation method at ambient temperature for p-dichlorobenzene, p-dibromobenzene, and p-diiodobenzene (Figure 4 ; for details, see the Experimental Procedures). In step 1, p-diiodobenzene in n-hexane can be extracted from mixture I (consisting of p-dichlorobenzene, p-dibromobenzene, and p-diiodobenzene) by an excess of 8-BRs in a H 2 O/CH 3 OH mixture (CH 3 OH:H 2 O = 10:10), and tetrahydrofuran (THF) was used to further precipitate 8-BRs and provide p-diiodobenzene in the filtrate (liquid I). The composition of liquid I was confirmed by gas chromatography mass spectrometry (GC-MS); there is only p-diiodobenzene in liquid I (Table S1 and Figure S67 ). Moreover, the precipitated 8-BRs can be recycled with a recovery rate of greater than 95%, as confirmed by 1 H NMR (Figure S63) . Meanwhile, the content of p-dichlorobenzene and p-dibromobenzene in mixture II (the part of mixture I remaining after step 1) was also determined by GC-MS, which further confirmed the separation effect in step 1. In step 2, the p-dibromobenzene in mixture II is further extracted by 6a-BRs via a similar method and separated by THF again, as confirmed by GC-MS (Table S1 and Figure S67 ). 6a-BRs can also be recycled with a high recovery rate, similar to 8-BRs, as confirmed by 1 H NMR ( Figure S64 ). Only p-dichlorobenzene was observed in mixture III, the part of mixture II remaining after step 2, as confirmed by GC-MS (Table S1 and Figure S67 ). By comparison with the separation method based on high-performance liquid chromatography, the stepwise separation based on BRs is more convenient and efficient. Meantime, in order to extended application of this method, we attempt to separate p-dibromobenzene and o-dibromobenzene by s similar method. o-Dibromobenzene is a main by-product in the preparation of p-dibromobenzene. 47 Similar to p-dibromobenzene, o-dibromobenzene also has low solubility in water, but o-dibromobenzene cannot force transformation of 6-BRs to its corresponding MR, which was confirmed by NMR ( Figure S65 ). So, p-dibromobenzene and o-dibromobenzene can be separation by 6-BRs ( Figure S66 ; for details, see the Experimental Procedures), which is checked by GC-MS (Table S2 and Figure S68 ).
DISCUSSION
We have reported a series of Cp*Rh-and Cp*Ir-based BRs prepared with dihalogenated ligands (fluoranilic acid, chloranilic acid, and bromoanilic acid) and 4,4 0 -bipyridylacetylene, and confirm the crucial role of halogen atoms in forming BRs. Meanwhile, by using precursors with different halogen atoms, we could adjust the strength of inter-ring interactions in the BRs. On this basis, we realized selective and reversible conversion between BRs and MR by using different p-dihalobenzenes. In addition, we developed a stepwise method for the separation of p-dichlorobenzene, p-dibromobenzene, and p-diiodobenzene at ambient temperature. The 8-BRs and 6a-BRs used in this separation were also found to be recoverable and recyclable. We hope that these findings spark further research into the application of interlocked molecular species in the separation of complex mixtures, which could be useful in the separation of high-value halogenated compounds, such as isotopically labeled or radioactive derivatives. (40 mL), and the suspension was stirred at room temperature for 6 hr. AgOTf (102.8 mg, 0.4 mmol) was added to the mixture and stirred for 3 hr, followed by filtration to remove insoluble compounds (AgCl and NaCl). Stepwise Separation Experiment for p-Dichlorobenzene, p-Dibromobenzene, and p-Diiodobenzene
Step 1 A solution (10 mL) of BRs 8-BRs (1.5 mmol/mL) in H 2 O and CH 3 OH (CH 3 OH:H 2 O = 10:10) was added to mixture I, which consisted of p-diiodobenzene (5.0 mmol), p-dibromobenzene (5.0 mmol), and p-dichlorobenzene (5.0 mmol) in 10 mL n-hexane. After being stirred at room temperature for 6 hr, the solution was allowed to stand and separate into layers; the upper layer was colorless and the lower layer was green brown. The lower layer was separated by a separating funnel, and then 60 mL of THF was added to achieve a green-brown precipitate, which was collected by filtration and dried. A dark green solid was obtained in 95.3% yield (36.4 mg). The composition of the filtrate, liquid I, was checked by GC-MS.
Step 2 A solution (10 mL) of BRs 6a-BRs (1.5 mmol/mL) in H 2 O and CH 3 OH (CH 3 OH:H 2 O = 10:10) was added to mixture II, the part of mixture I remaining after step 1. After being stirred at room temperature for 6 hr, the solution was allowed to stand and separate into layers; the upper layer was colorless and the lower layer was green brown. The lower layer was separated by separating funnel, and then 60 mL of THF was added to achieve a green-brown precipitate, which was collected by filtration and dried. A dark green solid was obtained in 95.6% yield (34.0 mg). The composition of the filtrate, liquid II, was checked by GC-MS.
Separation Experiment for p-Dibromobenzene and o-Dibromobenzene A solution (10 mL) of BRs 6-BRs (1.5 mmol/mL) in H 2 O and CH 3 OH (CH 3 OH:H 2 O = 10:10) was added to mixture IV, which consisted of o-dibromobenzene (5.0 mmol) and p-dibromobenzene (5.0 mmol) in 10 mL of n-hexane. After being stirred at room temperature for 6 hr, the solution was allowed to stand and separate into layers; the upper layer was colorless and the lower layer was green brown. The lower layer was separated by separating funnel, and then 60 mL of THF was added to achieve a green-brown precipitate, which was collected by filtration and dried. A dark green solid was obtained in 95.1% yield (36.3 mg). The composition of the filtrate, liquid III, was checked by GC-MS.
X-Ray Crystallography Details
Crystallographic data for complex 5a was collected at 173 K with a CCD-Bruker APEX DUO system (Mo Ka, l = 0.71073 Å ); data for 5b, 6a-BRs 6b-BRs, and 8-BRs were collected at 173 K or 150 K (6b-BRs) with a Bruker D8 VENTURE microfocus X-ray source system (Cu Ka, l = 1.54178 Å ). Indexing was performed with APEX 2 (difference vectors method). Data integration and reduction were performed with SaintPlus 6.01. Absorption correction was performed by the multiscan method implemented in SADABS. The structures were solved and refined with SHELXTL-97. Additional details, including crystallographic information files, can be found in the Supplemental Information. Because of the huge volume of unit cells, it is not an easy task to solve the structure of 8-BRs, so the data for 8-BRs are not perfect.
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